Rates of field metabolism and water influx of 6 endangered species of marsupials living on Barrow Island, Western Australia, were measured using doubly labeled water. Field metabolic rates (FMRs) of these arid-habitat species are related to body mass according to the following equation: FMR (kJ/day) ϭ 9.58 g 0.539 (r 2 ϭ 0.935). The allometric equation for water influx rates (WIRs) in 9 arid-habitat species or subspecies obtained in our study and from the literature is as follows: WIR (ml H 2 O/day) ϭ 0.777 g 0.693 (r 2 ϭ 0.848). These relationships indicate that marsupials from arid-habitats use about 35% less energy and water each day than do marsupials from nonarid habitats. Food intake for arid-zone marsupials may be estimated from the following equation: dry matter intake (g/day) ϭ 0.501 g 0.601 (r 2 ϭ 0.977). A water-economy index indicates that 3 of 6 species studied probably drank standing water, but 2 species may not have drunk water to maintain body mass during the rainless study period. The remarkably similar reduction in daily energy and water needs of arid versus nonarid Australian marsupials, compared with arid versus nonarid North American and African eutherians, suggests that this similarity is an example of convergent evolution.
One of the more important uses of scaling or allometric relationships for food, water, and energy needed by wild animals is in models of population or community function and in paleontological studies of communities and climate (Kohn 1996) . Requirements for these resources by closely related vertebrates of similar size that live in different types of habitat differ substantially (Nagy et al. 1999) . Daily amounts of energy and water required by eutherian mammals and birds that live in deserts are 30-50% lower than those of their nondesert relatives (Nagy 1987; Nagy and Peterson 1988) . Effects of habitat on requirements of marsupials have not yet been evaluated. Although field metabolic rates (FMRs) and * Correspondent: kennagy@biology.ucla.edu water influx rates (WIRs) of Ͼ20 species of marsupials have been measured, only a few are desert species (Nagy et al. 1999 ). This bias toward nondesert marsupials is unfortunate because much of Australia, where most species of marsupials are found, is arid. Also unfortunate is the depletion and disappearance of desert species of marsupials from mainland Australia due mainly to habitat degradation and predation by introduced predators.
We evaluated the allometry of energy and water metabolism in 6 relatively abundant species of marsupial living on Barrow Island, off the northwest coast of Western Australia. This arid island has no introduced predators, making it important within the Australian context. It is occupied by 8 species of marsupials, 4 of which are now either extinct or virtually so on the mainland. Habitat for these marsupials on Barrow Island is virtually undisturbed (Bradshaw 1992) , thus offering a unique opportunity to study these animals under conditions that no longer exist on the mainland.
MATERIALS AND METHODS
Animals and study sites.-We studied 6 species of marsupials, ranging in body mass from 300-450 g (golden bandicoots, Isoodon auratus) to 8-19 kg (Barrow Island euros, Macropus robustus isabellinus) and including burrowing bettongs or boodies (Bettongia lesueur, 600-900 g), northern brush possums (Trichosurus arnhemensis, 800-1,400 g), western rock-wallabies (Petrogale lateralis, 2-3.4 kg), and spectacled hare-wallabies (Lagorchestes conspicillatus, 2-3.3 kg). Barrow Island (20Њ45ЈS, 115Њ23ЈE) has an area of about 23,000 ha. Bandicoots, euros, brush possums, and rock-wallabies were studied on the western side of the island, at or near Biggada Creek, where brackish water was available for drinking. Boodies lived in underground warrens located about 1 km west of the Western Australia Petroleum Corporation settlement on the eastern shore. Harewallabies lived around the airport, in the southeastern part of the island. No fresh drinking water was available at the latter 2 sites, but both were Յ1 km from the ocean. No rain fell during the study (18 November-2 December 1993). Average annual rainfall was 28.4 cm, and the driest months were August-December. Daily maximum and minimum air temperatures averaged 31.7 and 21.9ЊC, respectively, over the study period, and relative humidities averaged 60.2% at 0900 h and 48% at 1500 h.
Procedures in the field.-We used the doubly labeled water method (Lifson and McClintock 1966; Nagy 1980 Nagy , 1989 to measure rates of CO 2 production and water flux in the field. Bandicoots, boodies, brush possums, and rock-wallabies were trapped using wire-cage traps of appropriate sizes and a variety of baits. Hare-wallabies were netted by hand after sighting them at night using spotlights, and euros were injected with the anesthetics Rompun and Ketamine in darts fired from a 0.22-caliber rifle. Animals were weighed (accuracy within Ͻ1% of body mass), and samples of blood or urine were taken for measurement of background levels of isotopes. Animals were injected intravenously (euros) or in a leg muscle with 0.65 ml (bandicoots) or 0.16 ml (all other species) of 95 atom % 18 O water/kg body mass and with 75 Ci (2.78 MBq-euros and wallabies), 100 Ci (3.7 MBq-possums and boodies), or 1.0 mCi (37 MBq-bandicoots) of tritium/kg body mass in an isosmotic (0.9% NaCl) solution. Each animal was marked for future identification. After allowing Ն2 h (bandicoots) or Ն3 h (all others) for injected isotopes to equilibrate in the body, samples of blood were taken and animals were released where captured. About 3 days (bandicoots), 4 days (boodies), 6 days (possums, wallabies), or 8 days (euros) later, animals were recaptured opportunistically (8 of 12 injected bandicoots, 6 of 8 boodies, 7 of 8 possums, 1 of 3 rock-wallabies, 5 of 8 hare-wallabies, and 5 of 12 euros). Upon recapture, animals were weighed and samples of blood or urine were taken before the animals were released.
Analyses of samples.-Samples of blood and urine were distilled under vacuum to obtain pure water, which was analyzed, along with diluted injection solutions, for tritium by liquid scintillation counting (Nagy 1983) . Concentrations of 18 O in samples, dilutions of injection solution, and standards were determined by gas-isotoperatio mass spectrometry at the University of California, Los Angeles (Department of Earth and Space Sciences) and at Mountain Mass Spectrometry, Inc. (Evergreen, Colorado).
Calculations.-Rates of CO 2 production and water flux were calculated using equations for linearly changing volumes of body water (Nagy 1983 ). These equations did not include corrections for effects of isotopic fractionation; no equations were available for correcting simultaneously for fractionation and changing volumes of water. However, validation studies indicate a high level of accuracy in the absence of corrections for fractionation for tritium and 18 O (Buttemer et al. 1986; Gales 1989) . Volumes of body water, required in these equations, were estimated as dilution spaces of 18 O (Nagy 1983) . FMRs were converted from units of volume (ml CO 2 ) to energy (kJ) on the basis of dietary composition: 23.8 kJ/l CO 2 for omnivorous bandicoots and boodies (Nagy et al. 1991 ) and 21.7 kJ/l CO 2 for the other 4 herbivorous species (Nagy 1983) .
Feeding rates.-The daily ration of food that a marsupial should consume to meet its daily energetic requirement can be estimated from its (Ride 1970) , we used the factor 14.4 metabolizable kJ/g dry matter, which was derived for the omnivorous short-nosed bandicoot Isoodon obesulus (Nagy et al. 1991) . For the northern brush possum, a monogastric herbivore, we used 10.0 kJ/g dry matter, and for the wallabies and euro, which use some fermentative digestion of plant fiber, we used 11.5 kJ/g dry matter (Nagy et al. 1999) .
Statistics.-Results are shown as X Ϯ SD. Rates of change in body mass were tested for significant differences from zero change (maintenance of constant body mass) using MannWhitney rank sum tests. Possible relationships between variables were examined by leastsquares regression analysis (Dixon and Massey 1969) , usually on log 10 -transformed results.
Regressions were compared using analysis of covariance (Dixon and Massey 1969) . We also examined data using phylogenetically independent contrasts analysis (Felsenstein 1985) , incorporating the phylogenetic tree for marsupials of Springer et al. (1997) , the arbitrary branch length method of Grafen (1989) , and the program PDTREE (version 5.0-Garland et al. 1998 ). Resulting slopes generally were similar to those obtained using conventional regression analyses. However, uncertainties about interpretation of values for intercepts derived from current methods of independent contrasts analysis precluded comparison of elevations of the various regressions (T. J. Garland, pers. comm.) . Because values for the ordinate obtained through independent contrasts analysis are differences rather than absolute physiological rates, the resulting equations cannot be used for predictive purposes, so equations and statistics derived using independent contrasts analysis are not reported here.
RESULTS
Mean body masses ranged from 358 g for bandicoots to 12.9 kg for euros (Table  1) . Most species maintained constant body masses over the measurement periods, but boodies gained weight slowly, and the western rock-wallaby lost about 3% of its mass per day. Body water ranged from 65% to 75% of body mass (Table 1) . Rates of energy metabolism and water influx on a FIG. 1.-Allometric regressions (log 10 -log 10 ). a) Regression of FMR on body mass for free-ranging marsupials living in arid habitats (□, thick line) or in other habitats (ⅷ, thin line). For the aridhabitat regression, the 95% CI of an FMR value predicted for a given body mass ϭ predicted log 10 FMR Ϯ 0.237(1.167 ϩ [0.690{log 10 g Ϫ 3.219} 2 ]) 0.5 , where g is body mass in grams. b) Regression of WIR on body mass for free-ranging marsupials living in arid habitats (□, thick line) or in other habitats (ⅷ, thin line). Open squares containing plus signs represent the 3 species for which WIR values were obtained from the literature (Appendix I). For the arid-habitat regression, the 95% CI of a WIR value predicted for a given body mass ϭ predicted log 10 WIR Ϯ 0.492(1.111 ϩ [0.284{log 10 g Ϫ 3. , where g is body mass in grams.
whole-animal basis (Table 1) were generally higher in larger species of arid marsupials, and the allometric relationship for FMR was significant (Fig. 1a) . For WIR, the allometric regression for the 6 species we studied also was significant. However, the literature contains WIR values for 3 additional marsupials studied in arid habitats (Appendix I): Rothschild's rock-wallaby (Petrogale rothschildi), the red kangaroo (Macropus rufus), and a mainland subspecies of euro (M. r. erubescens), which is about twice the mass of the dwarf subspecies we studied on Barrow Island. The allometric regression for these 9 taxa was highly significant (Fig. 1b) . Calculated rates of dry matter intake (DMI) needed to maintain energetic balance were 14.7 g/day for golden bandicoots, 30.7 g/day for boodies, 32.4 g/day for northern brush possums, 53.0 g/day for the western rock-wallaby, 59.1 g/day for spectacled hare-wallabies, and 136.7 g/day for euros. The allometric regression for these estimates was highly significant (F ϭ 173, d.f. ϭ 1, 4, P Ͻ 0.001), and the equation for the line is DMI (g/day) ϭ 0.501 g 0.601 . The r 2 for this relationship is 0.977, the 95% CI slope is 0.474-0.727, and the 95% CI intercept is 0.193-1.295. For a value of DMI predicted for a given body mass, the 95% CI ϭ predicted log 10 DMI Ϯ 0.153(1.167 ϩ [0.690{log 10 g Ϫ 3.219} 2 ]) 0.5 , where g is body mass in grams. The value for r 2 indicates that variation in log 10 body mass accounts for about 98% of the variation in log 10 DMI. The intercept of this equation is similar to that for the equation for DMI in marsupials in general (0.492-Nagy 1987), but the slope for desert marsupials (0.601) is approximately 11% lower than that for all marsupials (0.673). The daily intake of food in units of fresh matter may be estimated from DMI by multiplying calculated DMI by the ratio of fresh mass to dry mass for the diet. For example, a diet that is 67% water, typical for insectivores, would have a fresh mass : dry mass value of 1.0/0.33 ϭ 3.33, and FMI ϭ 3.33 DMI.
DISCUSSION
Field metabolic rate.-We were able to establish the dependence of daily energetic expenditure (whole-animal basis) on body mass in our sample of 6 species of aridhabitat marsupials. The coefficient of determination (r 2 ) indicates that variation in mean body mass of species accounts for Ͼ93% of the variation in FMR among species. In only 1 other study has FMR in marsupials living in an arid habitat been determined. Bradshaw et al. (1994) investigated the same population of golden bandicoots that we studied but during different years, and mean FMR of their 12 individuals (8.52 l CO 2 /day) was nearly identical to that of our 8 individuals (8.86 l CO 2 /day). Thus, the allometric relationship derived above, FMR (kJ/day) ϭ 9.58 g 0.539 , is the most robust equation currently available for predicting daily energetic requirements of marsupials living in arid portions of Australia. Regression analysis of published data on FMR for marsupials living in nonarid habitats (Appendix I) indicates that log FMR is significantly correlated with log body mass (Fig. 1a) . Analysis of covariance reveals that slopes of the 2 regressions do not differ (F ϭ 0.422, d.f. ϭ 1, 21, P Ͼ 0.50), but upon recalculation of the intercepts using the common slope, intercepts differ (F ϭ 18.7, d.f. ϭ 1, 22, P Ͻ 0.001). The antilog transformations of these intercepts indicate that arid-habitat marsupials have FMRs that are an average of 35% lower than those of non-arid-habitat marsupials. This situation is similar to that for eutherian mammals, for which desert species have FMRs that are 30% lower than those for nondesert species, and for desert birds, for which FMRs are typically about 50% lower than those for nondesert birds (Nagy 1987) . Water influx.-Do arid-habitat marsupials have lower WIRs, as do many eutherian mammals and birds (Nagy and Peterson 1988) ? We summarized published measurements of WIR for marsupials living in nonarid habitats (Appendix I). Regression analysis indicates that log WIR is correlated with log body mass in marsupials from nonarid habitats (F ϭ 323, d.f. ϭ 1, 22, P Ͻ 0.001), and the allometric relationship is WIR (ml H 2 O influx/day) ϭ 1.87 g 0.637 (r 2 ϭ 0.939; Fig. 1b) . Analysis of covariance on WIRs for arid-habitat and non-arid-habitat marsupials indicates that slopes of the 2 regressions do not differ (F ϭ 0.300, d.f. ϭ 1, 28, P Ͼ 0.50). Recalculation of the intercepts on the basis of the common slope reveals that intercepts do differ (F ϭ 7.07, d.f. ϭ 1, 29, P Ͻ 0.025) and that WIRs of arid-habitat marsupials are an average of 35% lower than those of non-arid-habitat marsupials. In small (100 g) eutherians, WIR is about 50% lower in desert than in nondesert species of the same size, but this difference diminishes as body size increases. Among birds that range in mass from 10 to 500 g, WIRs of desert species are an average of 47% lower than those of nondesert birds of similar size (Nagy and Peterson 1988) .
Water economy index.-The ratio of WIR to FMR (ml water intake per kJ energy metabolized) is termed the water economy index (WEI), and it reflects the daily amount of water an animal obtains per unit of ''living'' that it does. In the absence of drinking, most water is gained as part of food, and different diets have characteristic WEIs: fresh plant matter, 0.15-0.27 ml H 2 O/kJ; animal foods, 0.07-0.17 ml/kJ; and air-dry seeds, 0.04 ml/kJ (Nagy and Peterson 1988) . Values for WEI for boodies and the 2 species of wallabies (Table 1) indicate that they may have obtained nearly all their water from their diets. However, possums and euros obtained much extra water, suggesting that they drank the brackish water available in Biggada Creek. No measurable rain fell during our study, so rainwater was not available. Deposition of dew overnight can be considerable on Barrow Island, and although no estimates were made, dew is another possible source of free water for these animals. Bandicoots had somewhat higher WEIs (0.273 ml/kJ) than expected for their omnivorous diet, suggesting that they also drank some free-standing water. Their WIRs averaged 54.7 ml/day, which is about twice the minimum intake rate estimated by Bradshaw et al. (1994) for maintaining water balance in the field. Bandicoots in the present study maintained stable body mass (Table 1) , so they were probably eliminating the excess water they consumed as urine. It is not clear why they consumed drinking water at all during our study. Values for WEI that indicate drinking (0.364; Bradshaw et al. 1994) were also measured in Barrow Island bandicoots during the drought year of 1991, but the small sample size and highly variable FMR values in that study make those results difficult to interpret.
We conclude that Australian marsupials living in an arid habitat have rates of daily energy, water, and food utilization that are substantially lower than those of Australian marsupial species living in nonarid habitats. This pattern is essentially the same as that observed in eutherian mammals in North America. Moreover, the degree of reduction in daily resource requirements among desert species of the 2 mammalian orders (35% less energy and water needed by desert marsupials and 30% less energy and up to 50% less water needed by desert eutherians) is strikingly similar. We propose that this similarity represents an example of convergent evolution.
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